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SUMMARY OF PROGRESS

Gerard P. Kuiper] haslpointed out that the Jovdan atmospheres are exeected
to contain H,, He,'NZ, H20, NH5. CH4; Ar and possibly SiH,. - Hedhas a]so-]isted |
a number of other gases that should be considered because they are composed of
_ fair]ﬁ abundant atomic species and have boiling points below 120°C [see Table 8,
pg. 349 350 of reference (1)]. He has also pointed'out that until more is o
known about the atmospheres of the planets, it is usefu] to keep a fairly Iarge
number of possible eonstituents 1n mind in planning further spectroscopic work.

We have been studying the vibrational spectra from 4000 to 33 cm*] of |
- several‘moleculee which may be present in the atmosphere of the Joviah'pIanets.
These studies have been made to provide v1brat1ona1 frequencies which can be
used to: (1) determine the composition of the cloud covers of several of the
planets; (2) provide structural information under favorable c1rcumstances,
(3) provide necessary data from which accurate thermodynemic data can be cal-

culatedsand (4) furnish information as to the nature of the pofentia] energy |

function of the molecules and forces acting within them. _ _ o

Some of the molecuies which we have studied can be prdddced photo-
chemically from methane, ammonia, and hydrogen sulfide which are thought to
be cohstituents of the p]anets with raducing atmospheres. Some of the com-
| pounds will polymerize under ultravioiet radiation and drop out'of the
atmospheres. However, p}anetsrwith a hot baee, 1ike that of Jupiter, may re-
build molecules destroyed photochemical1y Therefore, we have-uSed these
criteria in se]ect1ng the compounds which we have studied. in our initial
WOrkK on the vibrational spectra of molecules of astrophys1ca1 1nterest we
studied hydrazme,2 methy]am1ne3 as well as several substituted hydraz1nes
However, there are several other small ‘molecules wh1ch conta1n carbon, hydrogen

and nitrogen which also should be possible constituents of the reducing
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atmospheres and we have been pursu1ng stud1es on several cyan1de conta1n1ng

9,10

~molecules. In the last progress report, we reported our investigation

of the microwave and low frequency vibrational spectra of disonropylcvanide,

(CHB)ZCHCN. As a continuation of cur work on these cyanide containing’

compounds, we have investigated the vibrational and rotational spectré'of
dimethylcyanophosphine.
There have been many microwave studies of motecules containing the CN

group, espec1a11y the group IVA and VA nitriles, in order to determine the

effect of the strong electron w1thdraw1ng group CN on the molecular structure ]1 32

In add1t1on, there is the possibility of bonding through the n1trogen of the

1,33

CN group to form the isocyanide compounds. Recently, in this Taboratory

we completed studies of isopropy1cyanide;l(CHS)ZCHCN,]O

(cH.,)Nen.?

and dimethylcyanamide,
3)2 In the latter work, Li and Durig found evidence of‘significant‘_
electron delocalization on the apex nitrogen. As an éxtension of this work,
~we have investigatéd the microwave spoctrum of (CHS)ZPCN for the porposes of
trying to determine if there is any de1oca]ization-of the electron pair on
phosphorus. | | |
A vibrational study of (CH4),PCN was reponted by Gobeau'et a1.3% put
their data was not | comp1ete Therefore, we have 1nvest1gated the far
infrared, Raman, and 1nfrared spectrum of this compound The resu?ts of our
stud1es of the rotational andlv1brat1ona1.spectra of th1s molecule can be
summarized by the abstract of the paper which nesuited froh‘this work: |
Abstract: ‘The microwave spéctrum of dimethy]cyanophosphine has been
recorded from 26.5 to 40.0 GHz. On}y A-type transitions were observed. 'Tne
R-branch assignments have been made for the ground state and three vibrationally
excited states. It is shown that the heavy atom skeleton is nonp]anar from the
magnitude of the He component of the dipole moment as well as from the value

of Ia + Ib - Ic' The following structural parameters were obtained:
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F(P-CN) = 1.783R, YCPC = 101°, and JCPC=N = 99° with reasonable assumptions
made. for the structural parameters of the d1methy1phosph1no mo1ety and the
n1tr11e bond. These parameters are consistent with those prev1ous1y reported
for trimethylphosphine and tr1cyan0phosph1ne.' The d1po]e moment components
were determihed to be By = 3.83+0.05D and Lo = 1.5+.10, A vibrationé] assign- 
ment has been made and from the low frequency vibrational data of the so]1d, a
Tower 1imit of 2.2 kca?/mole was obtained for the barrier to 1nterna1-rotat1cn
of the methyl groups. | | |
The results of this study have been submitted to the journal of Inorganﬁc
Chemistry for publication and the complete paper is gfﬁen as Appendix I.:' |
7 Another molecule which.we studied thesepast three months end which satisfies
theAabove'criteria'as 2 possible constituent of the Jovian atmospherelie 1,1-
difluoroallene. There have beeh many studies of ethy1ene, CZH4’ but 1ittle
structural information.ﬁs avai]aﬁ1e on a]]ene;7C3H4. A]1ene does not have a
permanent dipole but tHe 1,1-difluoro molecule is ideal for microwave studiES
: Therefore we have completed an investigation of the Iow frequency v1brat1ona1
and rotational spectra and determined the structural parameters. The results
of this study are summarized by the abstract of the paper which resu]ted,from-
this work: | | o | N _ .
Abstract: The microwave speetra of five 1sotoeic species of 1,1—l
difluoroallene,HyCCCF,, Hy! SC0CF,, H ¢13ccr

2 2 2°
recorded from 12.4 to 40.0 GHz. A-type transitions were observed and R-branch

HDCCCFz,land D2CCCF2_haye been

ass1gnments have been made for the ground and two vibrationally excited states.
The following structura] parameters have been determ1ned r(C1 f ) = 1.302%
0.0123; r(C2 = ) = 1.30610.002A; r(C1 -F) = 1.32310.0]1A; r(C3 - H)‘= 1.086+
‘0.003E; #ﬂCSH 117.8+0.2°%; %C = 121.1x0.1°; %FClF ='1]O.2i1.0°j |



| %CéCIF = 124.9£0.5°. The value of the dipole momentlwas obtoined from Stark
splittings to be 2.07:0.03D. Coriolis coupiing was observed between the tﬁo'
'1ow‘frequency C = € = C bending modes. The C = C = C bending mode of 81
symmetry {parallel to the CFZ‘p1one) has a freguency ofIIS] ch"] Whereas the
one of B2 symmetry has a'freqoency of 167 cm_]. The d1poTe moment and struc-
tural va]ues are compared to those of s1m11ar mo]ecu1es

The results of this study have been submitted to the Journa1 of Chemical
Physics for publication and the complete paper is given as Append1x 1.

The final piece of research which was comp1eted these past three months
included a study of the infrared and Raman spectrum of CH3CC12F and CH3CHC]F.
There fs\]ittle doubt that methane should be considered as a constituent of '
the Jovian atmospheres and ethane is a good candidate so we felt arstudy‘of
some of the substituted ethanes would provide soectroscopica11y usefol
information. This was a short term project which was undertaken to provide
some frequencies whfch con be used.in our wofk on ethylamine and ethylphosphine.
This study has been comp1éted and the results submittéd to tho Journal of |
Raman Spectroscopy for oubliCation. Our findings are given in Appéndix'III and -
the results are summarized by the abstract - o : |

Abstract: The infrared spectra of gaseous and solid CHBCCIZF and
CH3CHC1F have been recorded from 140 to 4000 cm ]._ The_correspond1ng Raman
spectra of the liquids Have alsc been recorded and depolarization values have
been measured for the CH3CC12F mo1ecu1é. Also the'Ramon spectrum of gaseous

CH.CHCIF has been recorded. A1l spectra have been interpreted in detail and

3 |
the 18 normal vibrations of both molecules have been characterized. The

“internal torsiona] ode for CH3CCTZF was observed at 308 and 293 cm -1 in
the spectra of the solid and gas, respect1ve1y. The threefold per1od1c

barrier to internal rotation was calculated to be 6.08 kcal/mole for the solid .
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and 5.57 kcal/mole for the gas. The intérnal torsional mode for CH,CHCTF was_
observed at 261 cm'] in the spectra of the solid and the bafrier was calculated
to be 4.38 kcal/mole. The barriers -are compared 1n'a serieslof,ch1oro; |
fluoro, and bromo substituted ethane der1vat1ves

.The work on methylch]oroformate has not been qu1te finished but we hope
to complete this study by the next reportlng period. The v1brat1qna1 study
~of diméthy]amine has beén completed buﬁ the interpretation of the low frequency
torsiona]rdata is still uncertain. It certainly appears fhat the two mefhyl
rotors are coupled by potential energy terms. Therefore,‘it will be.néCessary
to treat these two rotors by a perturbation treatment which should providé
quantitative values for the coupling terms V12 and V;Z.

We have now purchased the low tempeﬁature liquid helium cryostaf which
will be used for ﬁhe molecular crysfal work we proposed.  In particular"wé

.sha11 study (CHs)aNH,-N2H4, P2H4,'and the N,0, dimer.

-FUTURE WORK | ,

'work has been cpmp!eted'on dimethylamine and dimethyiphosphine, both of
which fit the criteria as possible constituents of the Jovian atmospheres. The
intérpretation of the low fregquency data is not comp]ete'but'we should be ”
able to cdmplete most of this work by the nmext reporting period. Work will
‘be initiatéd.on the study of CZHSNHZ and CZHSPHZ We are also initiating
studies on biphosphine and we are continuing our work on methylchloroformate.
We also p1an to initiate vibrational studies of C2H5CN This work isrconSistent
with our work on (CH3)2NCN and (CH3)2CHCN. We also expect to 1n1t1ate studies

on the‘vibrationa1 spectra of azoethane, (CZHS)ZNZ’ and its deuterium derivative. -
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APPENDIX I

MICRUNAVE SPECTRUM, STRUCTURE DIPOLE MOMENT AND LOW FREQUENCY
VIBRATIONS UF DIMETHYLCYANOPHOSPHINE

ABSTRACT: The microwave 5pectrum of d1methy1cyanophosph1ne has been recorded
from 26.5 to 40.0 GHz. Only A-type trans1tjqns were observed. The R~branch-_
assignments have been made for the ground state and three vibrationally
excited states. It is shown that the heavy atom skeleton is_non?planar from
the magnitude of the Mo component of the dipole momentras weil'as‘frqm the
value of I + 1 - I. The following strUCtural_paramefers were obtained:
r(P-CN} = 1, 7833 %CPC‘= 101°, and JCPC=N = 99°, with reasonable assumpt1ons .
‘made for the structura] parameters of the dimethylphosphlno mo1ety and the
nitrile bond. These parameters are consistent with those prev10us}y reported
for trimethylphosphine and thicyanophosphine. The dipole moment compdnent$
were‘detefminedlto be u, = 3.83:0.050 and,“c ='1.5i.10_7 A vibfétiona],assign;
ment has been made, and from the low frequency vibratibha]_data of the solid |
a lower limit of 2.2 kca?/mo]erwas,obtained for thg bafrier to iﬁterna1 rota-

tion of the methyl groups.
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INTRODUCTION - -

There have been many microwave studies of molecules containing the C=N

- group, especially the Group IVA and VA nitriles, in order to determine the

effect of the strong electron-withdrawing group CN on the ho1ecu1ar structure. 1-17

In addition, there is the poss1b111ty of bond1ng through the n1trogen of the
CN group, to form the 1sncyan1de compounds. Recent]y, in this laboratory,_ |

microwave and vibrational studies were compieted on 1sopropy1cyan1de, -

18 19

(CHS)ZCHCN In the latter work L1 and

19

and d1methy1cyanam1de, {CH )ZNCN
Burig ~ found ev1dence of significant electron de]oca11zat7on and a large
contribution of sp hybr1d1zat1on on the apex n1trogen As an extension of
th1s work, a microwave investigation of d1methy?cyanophosph1ne has been under— o
taken, | _ - |
A vibrational study of (CH3j2PCN Wae conducted by Goebeau, et a].zq bet
their assignment was incemp1ete, Therefore , Raman;‘ihfrared'ahd fer infrared_
data were obtained for the solid sample and a_combIete vibrational ass}gn- :

ment is presented.

EXPERIMENTAL
The sample used in the present work was prepared'by.the method of Jones
and Coskran?! .and purified on a Iow'temperature_disti]1ation column.  Sample

purity was confirmed by comparison of the 31

P NMR and‘mass spectral data With
21 ‘ ' : :

that previously reported. _ -
The microwave spectrum of (CH )ZPCN was 1nvest1gated in the frequency |
region 26.5 to 40.0 GHz using a Hewlett-Packard 8460A MRR spectrometer with a
Stark modu]at1on frequency of 33.33 KHz. The Stark cel] was ma1nta1ned at
Dry Ice temperature for all measurements except those of re]at1ve zntens1ty,

which were performed at room temperature
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[

The infrared spectra were recorded froﬁ 4000 to 200 cm_]_w€th.a Perkin-.
ETmef Model 621 spectrophotometer. The atmospﬁeriélwater'vapor was removed |
from the spectrophotometer housing by flushing with dry air, In the higher
frequency region, the instrument was ca?ibrafed with standard gases.

The Tower wavenumbey regibn was calibrated by using afmosphefic water'vapor

23 The spectrum of the solid

and the freguencies reported by Hall and Dowling.
was obtained by .condensing the sampte on a Csl pTate'maintained at -190° with
boi]ing‘nitrogen. |

The Raman spectrophotometer used was a Cary Model éZ equipped with a CRL
_Modeﬁ 53R argon 10h laser source. The spectrum of the room—temperature 11qu1d '
was taken with the sample sealed in a capillary tube. The spectr it of the.
solid sample (-~190°) was obtained 5y using a cell which wés simi]ar in des1gn to
a far infrared ceil which was described earTier.qu De?oTarﬁzation méasure—r
_ments‘in the Tiguid phase were made by usihg-the-analyzek in the monochromataor
when making suéh measuremants. ' | | |

The far infrared spectrum was recordsd from 337to 5§C cm'] on é éeckman ‘
Model IR-11 spectrophotometer The instrument was purged with dry nltrogen

and ca11brated with the frequenc1e< reported for water vapor by Hall and Dow11ng

The cell used for récording the spectrum of the solid at ,}900 has been

' described ear1ier.24 The freguencies for all observed bands are expected to .--

be accurate to =2 cm']

MICROWAVE SPECTRUM AND RESULTS

Preliminary spectral predictions for dimethylcyanophosphine were made

using the reported structures of P(CN)3 25 and.[cH3)3P,26_ These calculations
indicated that the molecule was principally an A-type asymmetric rotor with

an ésymmetry parameter K = -0.60. A diagram of the molecule in the-principél

ey

23
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axis éystem is given in Fig., 1. There was ho apparent hyperfine. structure
-_Dbserved.due to the nitrogen quadrupo1e, and, théreforé, no guadrupcle
coUp]ing information was OEtained from the pfesent,study.

The assignment was made mainly on the basis of the rigid rotor model
‘fit. The Stark effects were also used to check some of the‘assfgned transi; :
tions. The microwave spectrum and a computer.plot of the spectrum'generated'l
from the fitted‘rotational constants are shown in Fig. 2. Around each Qround
~state line, there are many weaker satellite Tines which arise from molecules
in excited vibrational states of low frequency modes.

The Frequencies and assignments for the groundland three excited vibraé
fiona1.statés and the differences between tne observed and calculated
frequencies are gfven in Table I. The observed rotational constants; moments
of inzrtia and inertizl . defect terms fcf the ground‘and'three'excited
vibrational states are given in Table II. Thelre]ative intensity of the three
- excited state satellites was measured_with respect to the ground state
line intensity for several transitions. The calculated energy level differences
between the ground and sxcited vibrational state weréi;:ﬁéz?lESEEQQIbﬁ; s
Ve = 20110 cm"? and v, = 178215 cm . The quoted error is dériv§d from-ther
standard deviation of the data. |

A major prob]em aof interest in the present study is the determination of
the ske]eta1 configufation of the (CH3)2PCN mO]ecuIe.-_From fab]e IT, it
can be clearly seen that the magnitude of Ia +Lo- Ic is larger than that which .
would be observed from only the out-of~p]ané hydrogen atoms of the methyl.
groups. Thus, one caﬁ conclude that the heavy atom skeleton is nonplanar.

A complete structural determination is not possib1erfromlthe present |
experimental fnformation; in order to obtain some quantitative values for

the nonp]anarity'and the P-C({=N) bond distance, assumptions have been madé in

‘8
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dimethy]phosphino parameters and the C=N distance. An x-ray dﬁffraction study

of P(CJ)J indicated a nonlinear P-CzH ano?e of 172°. 23 This was attributed

}

m

to requirements of crystal pau:‘m‘ng,z'7 but recent work bv Schwendeman, et at.
determined the P-CzN angle to be 171° in gaseous PFZCN. The reasaon forrthis
~ somewhat surprising angle is unclear, and for the purposes of this study, the
P-CzN angle was assumed to‘bé 180°. A linear regression structure was

calculated using the experimental rotational constants with the P-C(zN)

"-distance and the angTélbétween the PFCEN gfodp'éhd-thé‘CPCIb1ahe é]Iowe&'tém' R

vary. Calculations were carried out for several values of the CPC angle in
the dimethyliphosphino group. The assumed parameters; results of the calcula--

tions, ‘and the root sum square of the deviaticns between the observed and

caiculated moments of inertia, [1512]1/2

g=a, b, ¢, are given in Table 111.
g

DIPOLE MOMENT

The guadratic Stark effect of {CH,),PCH has been measured for the IM| =

3)2
component of the 5., = 4,5 transition, the M| = 2 camponent of the 6, « 515 ‘

1

transition, and the (M| = 1 and [M

Z components of the 525 + 524 transi-

tion. The IM{ = 2 component of the 6. « 1r transition showed a perturbation
due to higher order terms in the Stark effect and was appropr1ate1y corrected
The electric field was calibrated using the 3 < 2, |M] = 2 transition of 0CS

with its dipole moment taken to be 0.71521D.28

VIBRATIONAL SPECTRUM AND RESULTS
The mid infrared, far infrared and Raman spectra of solid ( 3)EPCN
are shown in Figs. 3, 4, and 5. Since the heavy atom skeleton is nonplanar,
the moiecu]e belongs to symmetry group C and 153' and 12a" modes are expected.

The observed frequencies and their ass1gnments are g1ven in Table IV
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The assignment of the bands above SOO‘cm—] is reasonabiy strafghtforward
on the basis of relative intensities and expected frequencies. This leaves
ihree skeletal stratches, Five ske1eta] bends and {wo CH3 to%sions te be‘
assigned. The C-P stretches are expected to be the highest frequency bands
" in this region, and the 673 cn”! and 713 en” ! bands are assigned to:ﬁhe,
symmetric, Vig» and antisymmetric,vzq, étretchgs of the-meth}?carbon-phosphorus
bonds. The slightly Tower band at 560 cm_] is aszgned as fhe_C—P.stﬁetch,
vi1» involving the nitrile carbon. Of the five remaining‘shé]et@]!que;, the
three a' modes and the two a" modes are expected to‘coup1e stron@]y and,
hence, in the absence of any data for isotopically substituted mo]ecu]es;' 
their assignment is tentative. One ppssibility is to assign the:439 cm’1
band to the in-plane P-Cz=N bend, Q12, and the band af 238 Cm“1 to the out~§f-‘
plane pend, vyc. The band at 435 cmf] in the Raﬁan'Spectruﬁ 5F the liquid
was'polarized,'th no depolarization data were obtained for the 2387§m_]
band, which was not resolved in thelspectrum'of the Tiquid phase. The .

1

three .P daformations could then be assigned to the bands at 268 cm

3
' Vi3e 191 cm"], v]4, andl158 cm'l, u27.' The shouider-at*204JCm715in the = e e
far infrared spectrum'and the shoulder a2t 180 cmf1 in the Raman sﬁectrum of the
solid are tentatively assigned as the out-c%-phase,‘vzs, and in—phésérr |

Vg tor§ions, respectively. The weakness of the bands,las well aé,their
relative frequencies is consistent Qith their being assigned'as'torsiona1

motions.

DISCUSSION
The results of the structural calculation indicate that the ang]é_between,
the CPC plane and the P-C=N linkage is not very sensitive to the CPC angle

in the (CH3)2P'moiety and the P-C{=N) distance increases smoothly with an
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increasing CPC angle. In Fig. 6 is shown a plot of the root sum square error

versus the CPC angle. Thus, one obtains a CPC angle of 1012 and 2 CPC{=N)
| ‘ 26

and {cm)3p.2°

angle of 29° which are comparable with those found_fn'(CH3)3P
_ Since the nitfi1e group is more electronegative than the (CH3)P groupQ

‘the dipole moment should be directed from the (CH3)éP moiety to the negative

center of the nitrile group. The dipbie moment {3.830) is less than that

Of (CAg)EN (4.750)'° wnich 15 to be expected if the lone pair of electrons

in the phosphorous compound contribute less to the d?po]e-moment than the

fone pair in the nitrogen compound,as previous work suggest5_17f29
The calculated frequency of the excited vibrational state v_, 252:20 el

corresponds to 268 cm ' in the Raman spectrum of the solid, Also, Vi3

"13°
is an a' mode and the value of [a I Ib for v s not very different froﬁ
that of the ground state. The assignment of Vg 20110 cm'?, and.vv, 178+

15 cm"1, is not asrclear. Con;isteht with.Ia + IC‘- Ib values for Vg and v&,_
they could be excited sfates of thé out-cT-phase and in-phase torgionai
motions, respectiveiy; Or, on the other hand,.they.cou1d,bg‘exciredstateé,of'h“.u;”mwwn
the two lowest skeletal deformations. B -

We have been interested in the barriers to internal rotation of méthy1

30-33

groups attached to phosphorous. Unfortunately, no barrier information

was obtained from the microwave study of (CH3)2PCN. Barrier calculations were
performed uéing the data from the vibrational studies and an F value of 5.23 cm']
calculated using the proposed structure. Dhe can ca?cu]até a barrier to
jnternal votation by assuming the interaction between the two tops 1s negligib?e.
Using 204 cm—]las a torsiona1_frequency, one calculates a periodic barrier of
2.5 kcal/mole as a lower limit for the barrier in the solid samﬁ]e. If one

assumes the second torsion to correspond to the 180 c:m"1 band, the internal

rotation barrier is calculated to be 2.2 kca1/mo1e.. These values are in gualitative

Reproduced from.
best available copy.
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agreement with the barriers to internal rotation of methyl groups of 3;58 kcal/molé

reported for (CH3)3P 32 and 2.14 kcal/mole reported for'(CHa)ZPH.34
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"';zTab1e“ I, Rotat1ona1 Tran51t10ns of the Ground and Three Exc1ted V1brat1ona] States of D1methy1cyano-.' 55{7“¢f*f;'fﬁdi'
e phosph1ne--”;j .:,. S S T - S

- 2 V=0 Ly e T e Y =1
Ttansition e ‘u«*q = R T B e T T SREE) AT

© Obs. - Obs.-Calc. ~ Obs..-. Obs.-Calc. . Obs.  Obs.-Cale. . Obs.  Obs.-Calc.

o886 0.29 - zer2118 028 f‘fﬁf\ﬁif~<'.j”f,r7'2874é;5§y:,,: o{22f'iﬂ~ 
550 % 53 " 27406.90 0.2 '_2?§?é.s7f : -0.05- 27437,39}‘E30709“,. - «27406ﬁ64~“;_{Jp;05 o
g 5o NE7S.85 002 06708 014 37031 008 w06z 0.0
Cmeends 0.03° 399,05 - 002 3045.63 0,28 . 38687 008
3044741043 ° 3041079 - 0,13 30495.27 013 3043495 0.13
- 6pg « Byg - 32676.67 0,02 32643.15- 0.00.  32717.39  -0.07 . 32668.38 -0.04
. 3456.82 0,03 35412,09  -0.11  38518.25 -0.02 |
. 28973.23 - -0.22 38927.34  -0.02  39041.32 -0.17 38960.16 - -0.09
35336.25 0.1 3529316 0.07 . 35393.05 -0.10 /3132 0.09
Tg <6y 7491 019 I7B08.46  -0.29° 3790065 -0.19 37833.10  -0.40
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‘Table 1I.Rotational Constants (MHz) and Moments of Insritiaz (amu.A7) of

Dimethylcyanophosphine ih the Ground and Excited Vibrational

States.
v =0 v, = 1 Vg = 1 vY =]

A 5763.1+.3  5750.6:.2  5797.0:.3  5759.2t.4

8 3116.55+.02  3114.57:.01  3117.95:.03  3116.78+.03

C . 2618.34x.01 2415.29:.01 2422.26:.01 2417.18:.01

< -0.58250  -0.58067  -0.58771  -0.58134

I 87.693 87.883 ~  87.179 - 87.751

I 162.159 162.262 162.087 - 162.147

1. 208.976  209.24] 208.638 209,077
I+ 1, -1 40.875 40,904 40.628 40.820
I +1. -1, 13451 134.85 133.73 - 136.68
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Table IIT. Calculation of the Molecular Structure of Bimethylcyano-

phospiine,
Assumed . Calculated :
P(P-C)  r(C-H)  r(CaR) JHeH Pt r(p-T) o8 (ra1 HVZ
~ {degrees) (E) {degrees) g 9,
‘ . - Amu - A‘
97 1.779 104.3 - 4.08
98 - 1.780  104.4 3.01
C1.843A 1.100A  1.157A 109.5° 99 1781 1044 1.94
- 100 1.782 . 104.4 10.85
101 1,783 104.4 0.20
102 1.785 - 104.4 1.27
103 - 1.786  104.4 RS
104 1.787 . 104.4 3.39
105 1.789 - 104.3  4.44

aAngle betwean CPC plane and-the C=N bond

,bAIg is.the difference between the ooaerved and ca1cu?aLed q- th moment of -

inertia (g = a, b, c}.



Table IV, Freguencies and Assignments fdrfDimethchyanophosphine,

B o — - - - —rm

Raman {Solid) : ' iRaman*(Liquid) : .  Infrared {Solid)

. o _ ) ~ (Far-Infrared Solid) _
Frequency Relative  Frequency Relative ~ Polari- Erequencyf Relative Assignment

SR pN— s

(Cm~]] , ‘Intensity (cmml): -Intgnsity j zatjon:' (cm-1) f Intensfﬁy.
2990 T 2987 v oo 2086 '%' Moy vy (@) vy vyg (27) CH3'stretch
2917 Vs 2915 } Vs _ : - 2920 E | W T g (a'), vig {a") CHSthbefch
2168 ‘ vVS 2170 VS ‘: . 2170 i B W "54 (a‘) C=N stretch
1433 s o s o 1432 s vig (@") CHy deformation
1424 s o | i | o 1421 ﬁ  3‘ Vg (a') CH, deformation
12 o | o 1413 om vpg (2") CHy deformation
1407 m° 1403 W S 1399 o v (') CHy deformation
1293 s 1288 y 183 m uy (a') CHy deformation
1277 om o o 1274 m vyq (a") CHy deformation
964 . m 950 w 963 s v,y (a") CHy rock
915 W o i, R 913 s vy (a') CHy rock 3
836 oom - o 884 s Va3 (a") CHy rock
835 W _ S 840 5 | vy (a') CH3 rock
713 vs s s dp 713 s vyy (a") C-P stretch
672 Vs | 668 Vs n | 673 s vy (@') C-P stretch
560 5 | 565 o P 561 s ypp (a') P=CN stretch
439 .m | 435 :' W - b ‘441 W vlz‘(g') skeleta] deformation

423 VW ‘ o : - two-phonon band
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L T
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. Jable 1V Continued :

i e g T ad 4

Raman (501id) -

Ramen (Uiquid) o Infrared (Solid)

o ST B R ~.' h,(Far~1nfraréd‘Sblid}{Jiff--ﬂ?ﬂf-. FoL
- Frequency ~Relative ~-Frequency - Relative - Polari- Frequency o Relative - Assignment '~ -
: (Cm']) . Intensity ':(cm_]) - Intensity  zation - Cbm“])*ﬁ‘ cIntensity T

.+ L TP R g

-  .268' ; i  f1m 5 ‘.'f:iZGBf.gf;?E'w :f i  --9: _ﬂingﬁ:(afﬁ);fil:.Q.;i?é41:§13 (a}i skéIetai_déformgtfun.:
 ‘23877;;f  ' W' ’3E3ﬁ~_'?;5f.;'  15:5'-jf3'j\$fi ﬁ; 258'(236)Mtp:;:w‘53..lu‘vés (a”.~skéfeta]defdrmatjonj"-
:‘ "t  B J"""_““i" ) V-,,, "lf : '  "236‘(204J.J1f Wy 6 (dJ)fnut-Of-Phase;tdréionx(é)m1u-
19 ) 15]; S 5190 '_'-V:A's'-." - p(?) | a‘(184)  s '7 .v]q'( )'ske1eta1'ﬁeformatfpn
) T80‘ . Vi " _ i .’. o o jf - '_' A 7. v]5‘(a‘)‘jnjbhaseltorsion (?)
| 158 s 160 s o .dp(?) o (162)_ s (a") skeTeté] deformation

]attice_modes

o
()]
T F w33

R NV -
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FIGURE CAPTIONS
Fig. 1. A projection of (CH%)ZPCN in its ac plane of symmatry.

Fig. 2. A. A computer'p1ot of the microwave spectrum of {(CH 4PCN generated

3)
from the fitted rotational constants.

B. Microwave spectrum of (CH3)ZPCN.

© Fig. 3. Infrared spectrum of {CHy),PCN at ~-190°C.

Fig. 4. Far infrared spectrum of (CH3}2PCN at ~-190°C.

A. Cell background
B. Annealed sampTe

C. Some sample evaporated

Fig. 5. Raman spectrum of (CH,),PCN at ~-190°C.

Fig. 6. PTot of the root sum square of the differences betweén the calculated™ ™

and observed moments versus the CPC ang!é é [in the (CH3)2P group].
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APPENDIX IT E 30

M1crowave Spectrum, Structure, Dipole Moment and Cor1o11s Coupling
of 1 »1-Difluoroallene

ABSTRACT: The microwave spectra of five jsotopic species of 1,1-difluoroalliene,

213 2> HZC13CCF2, HDCCCF,, and D,CCCF, have been recorded ffom

12.4 to 40.0 GHz. A‘type transitions were observed and R-branch assignments

‘HZCCCFZ; H, “CCCF
have been made for the ground and two V1brataona1?y excited states.f The f011ow—‘
1ng structural parameters have been determ1ned: r(C C ) = 1. 302+0 012A

r(c, = ¢3) = 1.306:0.002A; r(C, - F) = 1.32310 'onE' r(Cy - H) = 1.086+0.0034;

| %HC H = 117.8:0.2°; 3C ,CgH = 121.1:0. 1°; #FC F = 110.2+1. 0° )Czch 124,9+0,5°,
.The value of the dipole moment was obtained from Stark splittings to be 2.07+
0.03D. Coriolis coupling was observed between the two low frequency C = C,= c
bendiﬁg modes. The C'= C = C bending mode of B] symmetry (parallel to the CF2
plane) has a frequency of 151 cm'] whereas the one of.B2 symmetry has a

-1

_freQuency of 167 em .  The dipole moment and structural values are compared to

those of similar molecules.
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INTRODUCTION |

An important objective of a theory of chemical Shifts.of.diemagnefie mOIé_.-iIV
cules is the quantitafive estimation of 13C and 'H NMR chemice1 shffts in organic
molecules. This goal has often seemed remote due_to prbb1em§ associated nftn N
the gauge of the vector'potential describing the magnetic field.! However,"“
preliminary applications? of a recent'gauoe-inVariant ab iﬂiﬁig_theory of magﬂ”:
netic shielding® have given resuits for '°C and 1y chemical sh1fts which are in
good agreement with experiment. To further document the performance of th1s
method it is important to test it against exper1menta] information Tor a yar1ety‘
- of molecules. If sufficient]y consistent success is~obtained,fhis will allow some.'
confidence to be acqu1red in its pred1ct1ve power . |

It is a]so 1mp0rtant that the experimental systems chosen for the 1n1t1a1 -
studies be 1nherent1y simple with respect to their structure and number of atoms,
and yet exhibit the major types of substituent effect on sn1e”{d1ng at carbon -
nuclei (e.g., inductive and mesomeric effects). A class of compounds which'is‘:-lj;
mparticu1ar1y attraetive from this point of view is the f]uorocarboné To. thie'
end we have recently determined the 13C chemical shifts of the f?uoroa]lenes,

C Fh H n.q The measured '3C shifts were compared to those predwcted by SCF
perturbation theory calculations emp]oy1ng a slightly extended Gaussian ba51§:”'
set of GIAO in an ab initio Molecular Orbital scheme.? For'these:calculations;
the geometry used was estimated from the standard geometrita1 model deve]onedl |
by PopTe and Gordon’ Aitheugh the level of agreement befween the ekperimenta?'
data and the predicted results was good, jt.is essential to emb?ojrthe best |
structural data possible in such calculations. .With this'gan in mind; we
investigated the_microwave spectrum of 1,1-difluoroallene and fonr of itsf_f;1

isotopic species. The results of this study are reported herein.
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EXPERIMENTAL

The sample of 1,1-d1f1udroa11ene—do (HZCCCfE) was nrepared Ey:tne fo1]ontng
procedures. Dibromodifluoromethane (272.9), ethylene (8.4 g) and benzoyT |
peroxide (5 g) were placed in a bomb at 110°C for 5 hours. ~ The preduet, '
.1,3¥dibromo-1,1~dif1uoropropane, was purified by distt11ation'at,62°c‘andlaﬁ nm
pressure to give 42 g (59% conversion of'ethy]ene) of prapane. The propane was
‘then decomposed (-2HBr) with molten potassium hydrokide at 140° - The product
was swept into liguid nitrogen cooled traps on a standard high'vacuum.11ne wjth
helium as the carrier gas. The crnde T,?—dif1uoroa]1enewas.thendisti]led'onKa
low temperature fractienation column.” The distillation yielded 3.2 g of 1,1-di- -
fluoroallene (24% conversion of propane). The purity of the I,i-dif]noroa11ene |
-was checked by the infrared data reported by Blomguist and Longene;;_:Thell;T—Di—
F]uoroa11ene;d1 sample was prepared in 50% isotopic purity by‘usiné ethylene-d,
in the above synthesis of 1 1—dif1urora11ene—d Ethy]ene d] was prepared by
| dropping 020 on to vinyl T?th1um in tetrahydrofuran The gaseous preduet was
swept into liquid nitrogen cooled traps on a high Vacuuﬁ line. .The erude,ethyTene?. _
d] was then distitled on & low temperature fractionation column. The 1,1- d1f1uoro-
a]]ene d2 sample was synthesized by the use of ethylene d4 in the same synthet1c Y
“route as given above for 1,1Td1f]uoroal1enerd Ethy1ene-d4 was obta1nedrby .
the method of Leitch and Morse® - The isotopic purity of the ) s1- d1f1uoroa1]ene d2
obtained from this synthesxs was determ1ned from mass spectral data to be 93%

- Both carbon-13 spec1es were studied in their naturally occurring abundance

The microwave spectra were 1nvest1gated us1ng a Hew1ett Packard Mode1 8460 A
MRR spectrometer in the frequency regions 12.4 - 4OGH2 The Stark ceTI was modu- |
lated W1th a square wave of 33.3 KHz in frequency Frequency measurements were
-made with the cell being cooled with Dry Ice and the accuracy was better than |

0.05 MHz.



SPECTRA

Beceuse of the moTecuTar.symmetry, ],T—difTuoroaTTene*is expected to.have
only one type of microwave transition. Based upon'e-preTimihary etructufelrr
-estimate, 1,1-difluoroallene should have the prlnCTpTe a-axis d1rected along
‘the CCC bond with the b-axis in the FEC plane. The observed speetrarwere _
characteristic of an.assymmetrlc rotor with a-type se]ection rules. initian
assignment was made from a careful Stark stddy and a rigid fotor medeT fit;
Listed in Table I are the measured frequencies of the identffied traesitiens
along with the frequency difference from those caTcuTated w1th the rotational
constants listed in Table II. For the measured trans1t1ons, 1t is be11eved that :
‘the centrifugal distortion introduces little effect on the rotatioeaT_constants;
therefore no correction for this effect has been made. Spectra arieing from |
the naturally abundant '*C isotopic speciee, H213CCCF2.aﬁd H;C13CCF2;'Qere'
essentially identified from the intensity study at different'femperafures

In addition to the ground state Tines, there are many other Tines surround1ng :
it. These Tines are believed to be due to the rotational trans1t1ons of the
molecules in the excited vibrational states. Measurements_have been made on
the two strongest satellites for H,CCCF,, HDCCOF, and DCCCF,. Given in Table 111
-arg the exc1ted state transitions of these three 1sotop1c spectes and it was
found that the frequenc1es fit the rigid rotor approx1mat1on The effect1ve
rotational constants and the moments of 1nert1a-for these v1bratfone11y excited
states are listed in Table IV. It will be shown in a Tater section that these
~data are usefuT for obtaining the Car1oT1s coupling 1nformat1on | _

The carbon atom bonded d1rect1y to the fluorine atoms is rather cTose
to the center of mass of the molecule. The resu1t1ng sma]T sh1fts from the
carbon-12 lines make it difficult to 1dent1fy the rotat1ona1 tran51t10ns of
H,CCt 3CF2, since there is a good poss1b111ty that they w1TT ‘be overTapped by .,'

'the rather 1ntense exc1ted v1brat1ona1 state Tines.



STRUCTURE

I The exper1menta1 moments of inertia of H2CCCF2, H213CCCF2, H2013CCF2 and
HOCCCF, shou]d give suff1c1ent information for deteranwng the coord1nates

of H, €y and C; atoms by using the isotopic subst1tut1on method ? { The substi-' :
tuted coordinates in the principal axis system of HECCCF; are, therefore;reeTcu—:_'
lated and Tisted in Table V.  After obtaining these coord1nates, the next
~procedure was to determ1ne the coord1nates of Cy, Fl and Fa atoms oy use of ‘~'d
the center of mass cond1t1on as we]l as the moments of 1nert1a re1at1ons |

| Mo]ecu]ar symmetry makes only three 1ndependent coord1nates requ1red for ,:j
Tocating the positions of these three atoms. Consequent?y, the aVa11ab1e .
information s greater than the number of unknowns The mean coord1nates |
‘obtained are listed in Table V and the correspond1ng structure is g1ven 1n
Table VI. It is d1ff1cu1t to determine aT] the poss1b1e errors. From the - f—
uncerta1nty in the experimental moments of 1nert1a one would obta1n the errors .
'to be 0. UOZA 0. OOBA and 0.2° for the C,C,, CsH d1stances and H,C Hz ang]e,
respectively. From both the uncertainty in the observed moments of inertia

~and the consistency ofrthe coordinates obtained from ditferent combihations

of data the estimated errors for the C Cz, CiF dxstances and F CFz ang1e are-'-'
found to be 0. 0124, 0. O11A and 1. 0°, respect1ve]y ‘_

Instead of obtaining the coordinates of the. hydrogen atoms from the
moments of inertia of HZCCCF2 together with those of HDCCCFZ, one may a]so
derermine the coordinates with the experimental resu]ts ‘of the HZCCCFﬁand .
DZCCCFZ mo]ecu]es This set of data has led to the va?ues of aH = 2. 8463 and
.CH-—O 930]Aum1ch are essentiaily identical w1th those obtained in the earlier

cailculation. The resulting structural parameters are found to be: r(CH) 1 086A

JHCH = 117.8°, r(C2C4) = 1. 306A, r(C,C,) = 1.304A, r(C F) = 1.3224 and ;FCF 116.3°,



wh1ch are in excellent agreement WIth the correspond1ng parameters g1ven in f'

Table VI obtained by the earlier method

| ~ DIPOLE MOMENT | |
The electric dipole moment of 1,1- d1f1uoroa]1ene has been determlned by
measurlng the following Stark components M} = 0, 1, 2 of the 303 - 202 ,::
transition, M| =1, 2 of the 312 + 2H transition eod [M[ = T of the 313 %HZI
transition. Each measured component was observed to have the quadratic Stark’
_effect The electric f1e1d was ca11brated by u51ng the 2 <1 trans1t1on of 0CS |
at 24325.92 MHz w1th its dipole moment taken as 0 7152! D 1“_ The data were
T analyzed by the method of Golden and W1150n . Because of thE-mo1eco1er Symmetry- :
each measured component gives a value of the d1po1e moment. Listed in Tab]e VI
is the result of this Stark study and uy was found to have a value of
1 2.07+0.03D. The quoted uncertainty represents the standard_deviatioo‘

obtained from the different Stark measurements.

_ Coriolis Coupling - _

The H,CCCF, and D,CCCF, molecules have CZ symmétry 'and;inta recent Viora-  _
‘tional study of 1,]-d1f1uoroa1]ene we observed Raman 1ioes>in the gaseoos;state at }6?‘
end:151 el with shoulders at 157 and 145 cm™! for the Sampies of HaCCCF, aod 5 |
‘D.CCCF2, respectively. . These two lines may be ass1gned to the two CCC bending
motions (vi, and v;s) which be]ong to symmetry species 81 and 82 However there -
is ambiguity in the assignments of vi: and vis as to wh1ch mode should have the ; __-ff{

higher frequency. By X B, has the saine symmeiry as the rotat1ona1 angu]ar momenta p

p, and the first condition for streng perturbat1on is sat1sf1ed Furthermore,



]
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a
A

the two vibrational energy levels are.sufficiently close to give some obsehvab]e
~corrections to the rigid rotor energy levels. In the molecu]ar system z has
the same d1rect1on as pr1nc1p1e axis a. Consequently, vy will coup1e with vys
when the rotation about the a- ax1s is exc1ted |
If only the coup11ng between vy, and v,s is considered theIChangeiih:the
-effective moment of inertia I from the ground state to the first exc1ted state h'-
can be expressed by the approximate forms:'* o ‘ , '
Ia'('Vll = T_) - Ia(‘-’ = 0) N (ka\’_ll)[\Jlsz/(\)ls_2 ;thz)] (?;?1,15)2 | ]
- and | o o
I ‘(Vls =1) -1 (V = O)A A (814/\315)[\-’112/("\.1’112 - VISZ)] (C?l 1l5)2 (2)
where k = h/8n%c, v is the V1brat1ona1 frequency,and c11 1s is ‘the Cor1ol1s coup11ngr"
constant. ~ It can be ‘seen from Tab]es II and VI, that the (0 1) state has a
' '1arger value of I than v{0,0); therefore one expects 1t to have a 10wer
energy state than the v(1 ,0) state. The oppos1te is true for the v{0, 1) state
sihce Ia in the t(O,?) state is sma11er thai that in the-w(o,o) state. By us1ng‘
_the vibration ftequencies and the moments of inertia along with the above
.expressions, one est1mates the squares of the Coriolis coup11ng constants to be
0.7%, 0.16 and 0.11 .0.15 for the HZFCCFa and DzCCCFy. moTecu1es respeet1ve?y. B t.
The HDCCC?z'mo1ecu1e;has CS mq]ecuTar symme try and 1ts~correspond1ng bend- .t
ing motions belong to Af and'Af modes respectively{ The product of these two B
species_hes‘the same.symmethy as .. the rotation about either the a-axis or
A_b-axis'-WTth the vibrational frequencies of 167 and 151cm-], one estimates by
a similar process the value of (;11,;5) to be .0.13 and 0 18 for HDCCCFZ.
t  From a compar1son of the values of I 's at d1fferent states, it is aTso ,

“found that v(0,1) is in a Tower energy state than V(I .0).
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The dfpdie moment of ],I~dif1u0roa11ene (2.07D) iéﬂrathéfjlargé in com~
périson to the dipole moment (1.37D) of 1,'i—c:h'V*Hu‘ometh_l_w.ene.,'*.js Such a varjation
of dipole moment with number of carbons in the chain may'be ratfoﬁa1ized by the .
alternation effect as given by Pople and Gordon5 » Tn their calcu1a tion éf_tﬁe'
-d1pole moments of a series of simple organic compounds _' R | o

The C=C bond distances of 1.306 and 1.302 A° obtaxned for 1 1 d1f1uovo—'
allene do not indicate any significant deferences_fran_the gorrespond1ng_bond
lengths in allene.!®>'7 The experimental unceftéihtieé in the bond 1enqths also
Timit the 51gn1f1cance of the difference in the two c= C bonds wh1ch mqght be
‘caused by the fiuorine substitution. - The C£-F bond dnstance (1.323 A®) is

15

identical with that in H,CCF, Although the 115ted vaTue 0?-fhe FCIF ang]é
(110.2°) is larger {109.1°) than that in % CCF 13_; the experimentaT error again
arevents any significance being placed on the d1fference The’ structure of the
‘methylene (CH,) group in H2CCFy 15 quite _yo1ca1 : ‘- . a

In 1962, Bernstein'® showed a close relation between thelaveraged'CH
‘stretching frequency of a molecule andlits CH bond-Tength. In thé absence of
‘resonance, Duncan 2° has demonstrated the corre1atioﬁ betﬁeen the sebaratidn:of
;ésymmetric and symmétric CH» stretching_frequéncies and thé HCH ang1e'in the
=CH, group of a molecule. From the closensess of the CH% geometkies of allens
and 1,1-difluoroallene, one would, thus, exﬁect Tittle difference in theif
.‘tH_stretching frequencies. | ’ |

It was concluded in the Coriolis coupTing SEction tﬁat the v{0,1) state
has a 1owerrenergy than the v(1,0) stéte. Bath v1brat1ona1 modes (B;and Bs)
‘are antisymmetry with respect to the C, operation. For the same rotat1ona1

,'transition; both satellites should have the same stat1st1caI weights. Our :

relative intensity measurement has indicated consistently for all three isotopic
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‘species that tﬁe v{in} stats has a'ldwer anergy fhan the v{1,D
result is in complete agresment U?tn that obtained ¥ foﬁ the vibraiion-and:
"rotatzon interaction study ) |
In an attempt to make an assignment to the bending ﬁotions, pneihés to'
assume a‘reasonab1e picture for the norwal.modes cf'vibration If the ho]e;'
cule is excited to the vi1 = 1 state in which the C=C=C bendlng occurs in the . 
~CE; plane, one expects a smaller value of & Ia + Ib'— than the corres—‘ 
ponding value in the ground stﬁte. Cn the other hand, the exc1tat1on of the
bending motion®® perpendicular to the CFs plane will result in a\}arger;ya1ue )
of 4. By combining these data with that given in Tables'fI'an&_VI, one pre-
dicts that the 151 on™* Vine v(0,1}) s the béndihg staté para}Te?rfo the .
V‘CF; p1éne'and'the 167en™ ! Tine is the bending ﬁode pefbendicu]ar'tpﬁtheié#z
plane. Thus, we get vy; = 151, vis = 167 cn |, and vy; = 151, vis = 145 cn”]
for H,CCCFs and HchCCFz, respec~1ve1y | _
The structural parameters emp]oyed in tne chem1ca1 sn1ft caTcuIat1ons for
K 1-d1 Tuoroallene were r{C,-C))= r{C,-C,) = 1. 31&, r{C;-F) fl].33A,  |

1
r{C fH) = 1.08A and all angles were taken at 120.0°. The distances usec for

3
‘these calcuiations are comparab1e to those found in this study. ”xHowéver,.
there are 51gn1f1cant differences between the angles empioyed in the ca]cu1a—
tions and those gbtained in the microwave study‘k in part1;u1ar, the #FClF
of 110.2°£1.0° is cdnsiderab1y.sma]1er than 120° and it is'expected that such.’
a difference could lead to 51gn1f1cant changes in the pred1cted sh1e1d1ng
constants | ' ‘

It should be of intersst to compare the dibo]e'momentsland ﬁhe Structﬁres
_for a series of fluorine substituted allenes. _A]so, it appears.fﬁat addif_
. tional structure work on these molecules would be of intefeét iﬁ attemptiﬁg"‘
to predict shielding constants. Therefore, further microWave work‘bn ébme of

these molecules is warranted and we hope'tolihitiate such Studies_in the L

" -near future.
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Table 1.  Rotational Frequenc1es in Miz of 13 3 D1f]uoroa11ene and 1ts Carbon 13 and Deuterated Isotopfﬂ 5pec1es i the ﬁ?éﬁﬁﬁ
V1brat1ona| State. ’

J'€a ] Hzcccrz - 13ccc1f o 'Hzc']:"ccrrzﬂ | : HDCCCFQ' - D,CCCF,
Vobs. . v’ ’ ,vobs.‘ av? “obs. ot Vobs., v Vobs. v’
205+ g 12842.60  0.14
2y« lyg 1379355 0.10
313+ 245 1801746 0.14
303 209 19079.85  0.06
3,0« 25, 19376.07  -0.12
350 “ 25 19672.65 -0.06 | | :
3 < 2p3 20641.13 . 0.05 | N5 0.6
4y, ¢ 3, 23944.61  0.12. 3 23810.50  0.05 22811.82  0.10
gy <3 2811578 -0.12 S 24975.23  0.20 |
Gpyt 3y 25776.24 0.2 20943.20 -0.3%  25619.12  -0.15 ki
Gy 3y 26495.20 -0.10 255?@.42 009 o o : o
Tyt o B0 000 S 25886.41 ~ 0.13 o |
By 41# | Z;; 29815.41 0.13  ? A ;.28933Q41', 0.13 ~  29650.41  0.01 28422.63 02 | 27192.42 © 0.3
S ¢4y, 3093499 0.22 . 30049.98  0.10 . 30769.01 003 2050171 . -0.03  28219.01  0.05
Spp < dpg . 3100814 -0.20 L 31932.@1_ .0.08 3085276 -0.34  28985.45  -0.23
Spy vy o dMEAZT 027 . _':_ 33258.04  f 0.05 ~ 31533.59 -0.02°  29854.84 S -0.05
Sypcdy LI 000 . 3ers2z o2l - N 1) TR NP
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L‘Hg
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~ H

13
¢ 7CCF,

2

L ‘ﬂr} LT
7=A?_“,.“ © Vabs.

Ave

2C

13

2‘-_f

Uy

obs;"‘.'

- a

- Av :.;‘

HDCCEZ

—tee

DZCCCFE N

Vebs.,

{'5Aua.

Cebs.

a
AV

35627.78
36575. 00

38416.11

Veale. Ycale.

Y

012

" .0.52

-0.51

34592.22  0.08
35561.06 -0.10

37199.78 .0.23

'“.'35433.04
36384.83
"38186.99

-0.01

~0.14

-0.19

©33984.96 - -0.01

. is obtained from the rotational cdnétants given in Table II.

32531.12
33474.66

© 367127.62

36534.57

oy

0.04

~0.11

0.01
0.03



Table II. Rotational Constants {(MHz} énd Moments of Inertia (Amu 32)3
1,1-Difluoroallene and its Carbon-13 and Deuterated
Isotopic Species in the Ground State.
H,CCCF, H,'ceeF, ' 3ceF, HoCCCF, © D,CCCF,
' 10881.922.8 10879.344. 5 10877.922.7 10695.125.7 10489.0+2.4
B 3667.340.03 3534.6530., 06 3642.1610.05 3444.71£0.05  3251.49:0.0;
C  2791.41:0.03 = 2713.90:0.05 2776.89:0.04 2671.9120.06 - 2566.26:0.0:
-0.78347 -0.79887 ~0.78604 -0.80732 "'-0;82702'1
I 46.482 46,453 46.459 47.253 48182
1, 137.805 142.978 138.758 146,711 155.429"
. 181.087 186.218 181.994 189,145 196,931
A, 3.200 3.213 3.223 4,820 6.680

® Conversion factor: 505377 MHz " Amu A2

b

Ae

= I+ 1

-IC



* Table III.

0.05

36633.78

Excited State Transitions {MHz) of T,1-difluoroallene and its Deuterated Isotopic Species
H,CCCF, ) HDCCCF, D,CCCF, |
- v(0,1) v(1,0) v(0,1) v(1,0) . v(0,1) v(1,0)
Y(obs. ) AV Viobs. ) v Vieks.) v Y(obs.) Ay Viobs.) AV Vigps.) av
303 2gp 1946.54  0.12 19134.99 =007 19541.35  0.23 19570.96  0.19
31+ 2y 20717.95  -0.09 20694.64  0.05 19541.35 0.23 19570.96  0.19.
410+ 313 23993.73  0.10 24012.32  0.09 22857.92 -0.09 22875.25 0.08
if}\
4gq + 393 25164.47  0.02  25193.05 0.02
| 3, 2585396 «0.27 25845.22  -0.34 | o )
Y4437 3y, 2752171 0.13 27497.08  0.09 25796.40 0,15 2595421 0.24
| S dpy 0979.98  -0.12 3103548 -0.08  29546.25  0.07. 29595.95  0.05 25953 o8 0.07 28305.53 0.0
S5« 4yq 29872.22 0.17  29901.23  0.07 28673.31  0.11 28503.12  0.11 27244.30 0.1 27266.01 . 0.14
' 5ig ~ 43 34224.38° -0.02  54205.21 . -0.02 30675.77  0.12  30657.47  0.13
Spp + 4,5 32219.53  -0.35 32214.27  -0.43 . 29065.74 - -0.23  29060.3] -0.26
Sp3 * 4p; 33631.39  -0.09 33556.72 -0.01 31666.78 -0.02 31600.72 -0.06 29975.68  ~0.04  29916.32  -0.03
®16 < 55 35690.35  0.07  35732.03  0.04 34044,61  0.00 34082.96  0.03 32589 30 0.05 32620.75  0.07
b0 * S5 306616.00 -0.38  36697.43 -0.34 34980.91 -0.14  35056.56 -0.1% 33515.87  -0.15 33581.80 .0.13
24 © 38359.75 -0.04 38271.86 -0.03 36280.78 -0.02 36199.60 . -0.02
655« 5y | 38584.38  -0.07 38578.46 -0.10 36643.07
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Table IV. Rotat1ona1 Constants (MHz) and Moments of Inertia (Amu- R)of HZCCFZ’ HDCCF2 and
ECCFE in Excited V1brat1ona] States, ' '

HZCCCF2 . S ,'_‘HDCCCF2 ' DZCCCFZ _

v(0,1) v(1,0) . . v(0,1) - v(1,0) v(0,1) v(1,0)

A 10758.36:0.84 11017.02:0.90 10557.08:0.58 10845.42:0.66 10337.86:0.79 10654.86+0.89
B 3683.6810.02 3676.42:0.02  3459.53:0.01  3453.13#0.01 3265.03:0.013 3259.27:0.014
C 2795.1940.02  2799.40:0.02 2675.52:0.01 2679.41:0.01 2569.83:0.013 2573.09:0.01 |

« -0.77685 _0.78655 = -0.80105 -0.80941 -0.82101  -0.83019
I, 46.9753 45.8724 47.8709 46.5982 48.8860  47.4316
1, 137.194 137.464 146.083 - 146.353  154.785 155.058
1.180.802  180.531 188.889  188.615 196.658  196.409
A, 3.366  2.806 5.064 4.336 7.013 ~ 6.08]

'aConversion factor: 505377 MHz Amu-ﬂ2
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Table V.. Coordinates of Atoms (A} in the

Principal Axis System of 1,1- -
difluoroaliene (H,CCCF,).

a b ¢
Hy -2.8467 0.0 0.9262
H, ~2.8467 0.0 - -0.9262
C, -0.9795 0.0 0.0
cy . -2.2853 0.0 0.0
c, 0.3224 0.0 0.0
F, +1.0803 1.0886 0.0
F ' 1.0803 -1.0846 0.0
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Table VI. Structural Parameters for 1,1~
' Bifluoroallene.

{Cy7Cy) o . 1.306A
(et ©1.302A
rCH) . 1.086A
r(C-F) | L3R
Mo 117.8°
3ol - 121.1°
JFCF - e

FC,0F | B 2 R
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Table VII. Stark Coefficients and Dipole Moment of 1,1-
- Difluoroallene in the Ground State.

u = 0 (by symmetry)

0 (by symmetry)

aCa]cu1ated'from the averagé'vaIUé.

(average) = 2.07:0,030 .

av/EZ x 1078 (-2
| N V©/cm

Transition M) Observed  Calculated® M,
303 * 200 0 50.439 =0.430 z.qg |
o | 1 -0.121. - -0.123 2.05

2 -0.810. . ~0.798 2.08
315 * 29 1 0,950 -0.931 2.09
- 2 -3.214 -3.387 2,02
313 < 2, 1 ” 1107 1.088 2509



APPENDIX 111 | B

VIBRATIONAL ANALYSES AND BARRIERS TO
INTERNAL ROTATION OF CH,CC1,F and CH5CHCIF -

ABSTRACT: The infrared spectra of gaseous and solid CH,CC1,F and CH,CHCTF

-1 The corresponding Raman spectra

have been recorded from 140 to 4000 cm
of the 11qu1ds have a1so been recorded and depo]ar1zat1on values have been
measured for the CHSCC] F molecule. Also the Raman spectrum of gaseous

CH CHC]F has been recorded. A1l spectra have been 1nterpreted in detail and
the 18 normal vibrations of both molecules have been character1zed The
internal torsional mode for CHSCC1 F was observed at 308 and 293 cm -1 in'thg
spectra'of the solid an& gas, respectively. The threefold per1od1c barrier |
to 1nterna1 rotat10n was calculated to be 6.08 kcal/mole for the solid and

5.57 kcal/mole for the gas. The internal torsional mode for CH3CHCIF was
observed at 261 cnf'-t in the spectra of the solid and the barr1er was calculated
to be 4.38 kca1/moie. The barrier§ are tompared in a series of chloro, fluoro

and bromo substituted ethane derivatives.
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INTRODUCTION _ | |
4 In a continuing program of study of the torsional barriers in halogen _
substituted ethane derivatives, the barr1ers in CH CC] F and CH3CHCTF were -
determ1ned by direct observat1on of the torsional frequency in the far-1nfrared
spectra.- It 15 known that cn10r1ne, and to a much 1esser extent f]uor1ne, sig-
n1f1cant1y effect the barr1er to 1nterna1 rotat1on about the C C 51ngle bond1 zbﬂ
A large number of-the tors1ona1 barr1er stud1es in the past have been made by
means‘of the microneve technique. However, due to the quadrupo]e‘sthtting
of ch1erine, this technique does not readily lend itself to tne study of.tne
molecu1es in quest1on. _ | | | | '
Na v1brat1ona1 data have been preV1ou51y reported for CH3CHCiF and on?y
two references could be found in the Titerature concerning spectroscop1c WOrk on
3.4 : , _ S -

CH3C812

we have undertaken the complete vibrational assignment of both moTecu]es;I
' 1

. Therefore, in order to confidently aséign'the torsional mode,

1
‘and CH3CF3

Since torsional studies on molecules such as CHBCFZCI; CH3CC'I3
. have recently been compieted in this 1dboratorj, the barriers. for CH3CC12FV '

and CH3CHC1F shou]d provide interesting results for comparisons- Tne vibra-
tiona]rwork reported by Smith et e1 4 on. CH3C012F pred1cted ‘the tors1ona1 frequency
at 229 cm -1 based on the ass1gnment of an overtone Tocated at 459 cm i in

the infrared spectrum They calculated a barr1er of 3. 47 kca]/moXe froh""

this frequency More recently a calculation was made by Abraham and Parry5 ‘
-.us1ng ster1c and e]ectrostat1c interactions between non-bonded atoms, p]us-
a torsional term to arrive at a barrier for CH,CCIF of 4.78’kca]/me1e. It
is the intention of our work te establish an accurate value for the barrier
height of this molecule as well as that of CH,CHCIF in order to nrovide'addj-

tional data for tests of such calculations.
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| EXPERTMENTAL -

Both CHyCCTF and CH,CHCTF were obtained from the E. L. DuPont Company
and weré'used without further purification, although their pdrity was checked
by means of NMR and mass spectroscopy. _ _ -‘_ |

‘The far infrared spectra were recorded ffch 33 to 5b0 com ! with a Beckman

Model IR-13 spéctrophotometer. The atmospheric‘wafeh vapor was removed :

from the instrument housing by f]hshiné with dry aih ‘The instrumenf:has-
ca11brated by using atmospher1c water vapors. S1ng1e beam energy checks

were made periodically to insure the energy transm1ss1on was at least 30 - 15%
'at5a11 times. A low temperature cell similar to one descrlbed ear11er7 was
employed to record the spectra of the solid samp!es M0d1f1cat1ons have o
been made to a]low the c1rcu1at1on of cold n1trogen gas through a ho11cw brass _
cold finger. A wedgec silicon w1ndow was used for the 5011d f11m support ‘
plate. Convent1ona? vacuum deposition techn1ques were used to obtain the .
solid f11m on the silicon substrate with the add1t10na1 precaut1on that the
samples were a]]owed to sublime sTowly cnto the s111con plate from the

so11d phase The silicon substrate was held at 190°C during depos1t1on.l;
The solid f11ms were than annealed unt1? ‘there was no change in the spectrum;.
 The spectrum of the gases were recorded in a var1ab1e-path ge]].equ1pped |
with po1yéthyiene windows. Absorption paths up to 10 m wéhé usea with'ff |
samp1e pressures up to 150 torr. ' | | “_ |

_ The Raman spectra were recorded on a Cary Model 82 Raman spectrOphato-ﬁ-"

8

~ meter” equipped with an argon ion 1aser source W1th:a frequengy of 5]45A '

for excitation. The spectrum of the gas sample was recordedhhsing:a'mhlti—'
pass gas ce11,'and'1iqu1d samplas were transferred t6~sea1§d tapii]any : h -

“tubes.

The mid- 1nfrared spectra were recorded from 4000 to 350 cm -1 with a
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Perkip—E1mer Model 621 spectrophotometer. A low temperature cell equipped
with a CsI window was employed fo record the spectra of the_sofid samples.
Again, conventional vacuum techniques were used to obtain the solid film
on the CsI substrate. A 25 cm gas cell with CsI windowé was employed.to

record the spectra of the gaseous samples.

VIBRATIONAL ASSIGNMENT

A. CH,CCT,F. | -

Assuming C, .symmetry, the 18 fundamental modes of 1,1,1-dichlorofluoro-
ethane may be divided intp 11a' and 72" vibrations. The a? vibratipns have ."
polarized Raman bands and may have B, C or B/C hybrid contours in the
1nfrared spectrum. The a" vibrations have depolarized Raman lines and
type A band contours in the infrared spectrum. | ‘ |

The Raman spectrum of the Tiquid is shown in Fig. 1. The'po1arized-
lines were characterized by being quite narrow whereas the depolarized‘lihes
are usually quite broad with considerably weaker intensity. By us{ng the
-Raman depoiarization measurements along with the characterist1c 1nfrared
- band contours, a compiete v1brat10na1 assignment 15 proposed The frequenc1es
for the observed bands along with the vibrational assignment 15 summar1zed
in Table I, ‘

~ The infrared spectrum of solid CHBCC] F (F1g ‘2R) shows a band at 3026 cm ].
1Th1s band in the infrared spectrum of the gas (Fig. 2B) is obscured hy the R
branch of a type A band centered at 3012. The 3026 cm 1rband has a Raman 3
counterpart at approximately 3021 e ! which is po]arizéd;hthps, we assign this
band as the a' component of the antisymmetric CH3 stpetph; vi. Aspnoteq'apove,.

the infrared spectrum of the gaseous sample shows an A type band centered at

3012 cm-] with the corresponding Raman band depolarized. This .



-
band is then unequivodai]y assigned as the a" CHg antisymmetric stretching
vibretion,o]Z: The Vg symmetric a' CH3 stretchfng vibration is assigned

to the 2954 cm'] C-type band in the mid-infrared spectrum of the gaseous

-1

 ‘samp]e. Its Raman counterpart occurs at 2949.cm and is strongly pd1ar~

ized.

The a" component of the ant1symmetr1c CH3 deformat1on, v13, is ass1gned

to a Q branch in the infrared Spectrum at 1442.cm 1.‘ This band has a somewhat

distorted type A contour. In the Raman effect ‘a rather broad depolar1zed band

is located at 1438 cm'1

The v ant1symmetr1c CH a' deformation,is thought

3 : ;
“to be degenerate with the 1438 cm -] band even though the infrared spectrum of the Tow-
-1

temperature solid indicates a medium 1ntens1ty peak.at 1390 cm -+ This is

thought to be due to. a combination of two fundamentals. uThe.CHs.symmetr1c ‘deformation

| (a') is found-as_a‘poTarizeo Raman line at 1383 r:m”1

type € band at 1385 cm -1,

with a'cor?esponding infrared ',"”

Between 1160 and ’050 cm 1, tnern are three bands due to the in- p]ane_ )

.and out-of-plane rocks and to the C-F stretch1ng mode. Inspectlon of

-1 with‘ae“ 

-1 and

the infrared spectrum ¢f the gas shows a band centered at 1159 em
possible type C band contour. Its Raman counterpart occurs at 1156 cm

. is polarized. This band 15; therefore, assigned to the “5’ CH3 in-plane -
rock. The infrared spectrum of the solid shows a very strong band at 1106 cm'1;

1

with a highly polarized 17113 cm"__Raman counterpart. One would expect the

C-F stretch to be very strong in the infrared and highly polarized in the
Raman, on this'oaSis,the band is assigned to the ué;CF etretch{:eThe CHy
out~of—p]ene rock, o14; is assigned to a band centered-ath?092 cmfj jn the |
infrared spectrum of the gas. The type C band centered at 926 cnf'1 uith a
polarized Raman counterpart is assigned as Vo3 the C-C stretch. This

-1

926 cm ~ band in the infrared spectrum appears to be of stronger intensity

—--than expected for a C-C stretch. This enhancement of intensity 1is probab]yidue to
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the coupling of this mode with the CF- stretching mode located at 1106 Cm-].
' The symmetric and antisymmetric CC]2 stretches, vg and V15 are ass1gned

to bands at 591 and 750 cm 1, respectively. F1g. 2 shows the 750 cm -1

band
'appearing mistakenly as a type B band: this is due to.excess-samplé,and'a \ |
resuitant bottoming off of the peak Hith 1ess pressure a type A band con-
tour is;quite evident. The 591 cm -1 band however, gives rise to a type C .
band contour and a very strong po]ar1zed Raman Tine. | |

| There are five other low lying vibrationa1 modes expected fof the - |
"CC]ZF entity; these are the CCF bend (a’),.the CC]2 rock (a"), the cci, wpg
'(a') the CCl, twist (a") and the ccl, scissors (a'). The vlg CCF mode
occurs in the gas as a C- type band centered at 432 cm T,.and as a stfongTy

po1arized Raman Tine at 433 cm']. The far'infrared spectrum of the Tow

temperature solid shows a weak band at 395 cm']. A depoTarized band at 398 cm -1
“in the Raman spectrum leads to the ass1gnment of this band as the Vig» CC]2
rock. The CC]2 Wag,vigs and CC12 tw15t,v18,are assigned to bands at 330 andli'
296 cm;], respectively, based on the dapolarization data. The p01arized o

Vit a corresponding far infrared band at 264 en ! s assighed

band at 260 cm”
to vy ,the-CCl, scissors. Assignment of the torsional mode is deferred to a
latter section. |

B. CH3CH01F

~ Since the CH3CHC]F molecule has no symmetry, the 18 fpndamentél modes‘-
all fa11 into the trivial “éh‘symmetry block. This introduces difficulty in
ass1gn1ng the vibrational modes since all of the bands should appear to be
polarized in the Raman effect. In addition, having no p]gpe ofrsymmetry, we
"cap no longer use band contours as an aid ip the assignment.' Hoﬁevef,.the
infrared spectrum (Fig.3b) of the gaseous sample does exhibit band cpntours, :

which is probab1y.due,to the dipole change accidéntiy being a]png a principal



axis.
Insnection of'the infrared spectrum of the ges (Fig. 3b), indicates
a band at 3015 cm'T. A correspond{ng'band in the Raman spectrum (Fig. 4 )
of the gaseous sample is-located at 3016 cm 1. The infrared spectrum of the
1ow-temperature solid (Fig. 3a) is not very informative in this spectra1
region, since all that is ohserved is a broad_band centered at 3005 cm 1,
probably corresponding to the 3015 cm'] band of the gas Since this‘is the
rhigheet freeuency band in the CH stretch1ng reg1on we ass1gn 1t to ‘
1, the "1one" CH stretch. The two CH3 ant1symmetr1c” (in reference to the
. Tocal C3v symmetry) stretches occur at 2985 and 2974 em -1 in the 1nfrared
spectrum of the gas. These two bands have Raman connterparts at 2987 and

2976 cm”!

" respect1ve1y |

A comparison of the Raman spectra of the liguid and gas phase
(Fig. 4A & B) p01nts out the higher def1n1t1on in the snectrum of the N
gas, particularly in the C-H stretching region. Us1ng only the Spectrum of the
1fquid, the band at 2975 em ! would not have been observed due to the
_smearing out of the 2990 c:m'-i band. _.The fina? CH3 stretch gives a strong
Raman Tine at 2945 cm”1 in the liquid phese and at 2952Hcm‘1 in the das
phase: The infrared spectrum of the gas 1nd1cates a band 1ocated at 2958 cpi |
and at 2947 cm -1 in the spectrum of the so11d

The region between 1500 and 1350 cm shou1d conta1n the three CH3
deformations. The Raman spectra of the liquid and gas show very broad
bands at 1450 and 1454 cm o, respectlvely. Compar1son of s1m11er,mq1ecu1es
very often shows the deformations (degenerate For C3v moiecules) in thie
' ‘region to be accidentally degenerate. He feel that this eﬁselis.tﬁe case :

with CH CHC?F. The remaining CH deformat1on,v7, is readily assigned -

«._.from the spectrum of the Tow temperature solid, where a band occurs at



-7 -

1384 . The 1407 ™' band can'be attributed to a combination of two other

fundamentals.
The CH bend, v8,,gives'rise to an infrared band in the gas phaee centered

! band in the infrared spectrum of the solid.

at 1284 cn”' and a 1279 o
The CH bending mode, vg» presents difficulty'{n making a proper aseign—

.ment. In the spectrum of the 1iquid there is a broad shoulder at approximately
1135 e~ on the 1118 cm”! band. A very strong baed at 1138 cn & is |
indicated in the infrared spectrum of the gas. The Ramaﬁ spectrum .of the
Tiquid has a band at 899 cm'], with a correspondihg band at 917 cm™! in the

| | infrared spectrum of the solid. It is doubtful, however, that the CH.eending
mode would appear at such a low frequency, and thus we assign the CH bending

1 band and the 899 e band as a combination mode.

-1

mode, vy, to the 1138 cm
The two CH, roeks, Y10 and v,,, can be assigned to bands at 1118 cm)
and 1020'cm_] on the bas1s of the infrared spectrum of the low- temperature

solid. The CF stretch, V12 is expected to be very strong in the infrared
1 band in the infrared spectrum.
1 pand measured from the

and can be confidently essigned to a 1081 cm
The CC : stretch, V13> is assigned to the 867 cm |
Raman spectrum of the liquid phase. The CCl stretch,u14, is ea511y 1dent1f1ed\j-?}:; }
hy the Raman spectra of the 1iquid and gaseous phase at 681 and 693 oo 1 o
respect1ve1y. _ |

| There. are‘three other low-lying vibrational modes ekpected for the CCIF.
group. These are. “15’ the CCF deformation, V16> the CCC1 deformation, and
vy7s the CTF scissors. - .. The CCF mode occurs in the Raman spectrum of
the liquid at 481 em™'. The cCCI hode has a Raman 1ine at 373 cm ]; and the
CIF scissors is found at 329 en !, These vibrational mod€s are eonfident1y .

ass1gned due to coincident Tow frequency bands observed in the far 1nfrared

spectrum of the so]1d
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TORSIOMAL MODES AND BRRRIERS :
An 1nspect10n of Fig. 5 shows the far infrared spectrum of CH3CC]2F
of the Tow—temperature solid in the region of the CC]2 twist.and_scissors.
As additional sample is deposited onto the siTiCOn plate, the growth of a band
at 308 cm'I is indicated. The far infrared spectrum of the gas was recorded
“and the torsional frequency was measured at 293 cm ]._ Since the spectrum was
taken at such a low temperature, it is clear that this band is not a difference tonei'
A1so it occurs at too high a frequency to be ascribed.to:a fattiee mode. Thus,
it is conc?uded that this band is the torsional mode since the five low
freguency bend1ng modes are conf1dent1y assigned to other bands and no other
intramolecular fundamentaT is expected in this frequency range.
| To calculate the'torsiona] barrier, we have assumed a cosine tyee botential
of the form: | ; | a
¥{a) = —-V (1 -cos 3a)
w1th all terms highar than thres sfold being considered negligible. ~ The barr1er
‘was calculated according to the procedure 0ut11ned by Fateley and M111er,9 w1th the'

]O The per10d1c barrier caTcu1ated us1ng the so]1d phase

TabTes of Hershbach
frequeﬁcy of 308 cm'I wWas 6.08 keal/mole. Us1ng the gas phase frequency, the

-per1od1c barr1er was calcu1ated to be 5.57 kca]/mo]e

In Fig. 6 is shown the far infrared spectrum of CH3CHC1F of the 1ow
temperature solid in the region between 140 and 350 cm ]. As the sample was

1 deposited on the silicon window,the band located at 261 o] 1ntens1f1es ~ Once

- again it can be reasoned that since the spectrum was taken at such a low

' temperature, it cannot be a551gned to a difference band S1m11ar1y it cannot
-be ascribed to a lattice mode or to a two phonon process because the band did
not show the expected broadening or frequency shift withltemperature that is

observed for such modes. Since the three Tow frequency bending modes,
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~ are confidently assigned to other bands, it is concluded that this 261 cm™!

band corresponds to the torsicnal frequency. Using this frequency to calculate

the period barrier we arrive at a value of 4.38 kcal/mole.

DISCUSSION |

In Table III are listed the barrier heights for é series dflhalogen SQE-‘ |
stituted ethane quecu]es, This seriés of mo1ecQ1es can be arrangad in a -
nunber of ways in order to see the effect of adding'bromine,ch]or?ne and L
fluorine, separately and in combination, to “one end" of the'ethane mo]écu]e;
The variation of the barfiers for this is depicted in Fig. 7. As e;pected
initial sUbstitution'bf the ethéne mo1e§u1e resulting in e1ther CH30H2C1
or CHCHZF produces an increase in the barrier If non-bonded interactions
are the main cause of rotational hindrance about the C-C single band, then 1t
follows that rep1acement of a hydrogen by an atom of largersize would cause an
' 1ncrease in the barrier to methyl rotation. Since chlorine is more massive than
-‘f1u0r1ne it is also expected that chlorine shou]d have a greater effect on the
barrier than will the fluorine atom. In fact, as Fig. 7 shows, the barriers
- are in the order CHSCHZBr > CH3CH2C1 > CHZCHzF._ Unfortunate1y'on progressing
.toCH3CHC1Fwe run into dur first contradiction. A}though repfacement of'af‘
second hydrogen in CH3CH2F by a éh]orine atom results in a barrier increasé,
the similar process of going from CH3£H2C] t6 CHBCHCIF produces_a barrier -
decrease. Progression from CHACHCTF to either CHyCF,C1 or CHyCCTLF does fall
- in line with theovy. That is, the molecule with two chlorine atoms in éombinan.
tion with a fluorine atom yie?ds a higher barrier than the molecule with two |
f1uorine atoms and'alchloriné atom. On going from CHSCFZC1ﬂ}0 CHBCFé a lowering
of the barrier is expected, since we are replacing a chlorine by a fluorine,

and this is. the case. Introduction of a second dnoma]y, however, is graphically
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den1cted in going from CH CC12F to CH,CCT, Renlacement of a fluorine atom
by a chlorine atom should markedly increase the barr1er However, using sol1d
phase values, the barrier decreases by 600 calories,and by 570 calories using.
gas phase values. Fiha]]y a comparisoh can be made of the vertical seties Qf_
ﬁa]oforms where the barrier increases in the order bHscBhs > CHBCCIQ 3_CH3CF3

Certainiy, in conc1usion,lwe can Say that.the non—bénded,ihteractions.
play an imﬁortant, if not méjor, role in determining the |
barrier-to internal rotétion  However, it is also cbvious that other factors
are important, espec1a11y among the 1nterha109en substTtuted ethane moTecu]es,
and that these factors can at times cause a reversal of the order predicted
lstr1ct1y by steric effect considerations. The forces cou1d include such

phenomena as halogen-halogen 1nteract1on, hydrogen-halogen (espec1a11y f1u0r1ne)

interaction, and symmetry considerations.
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Table I. Observed Vibrational Frequencies for T,1,1-dichlorof1uoroethane.

1042

Raman Infrared
wlen™ly viem 'y |
Liquid_‘ Gas Solid Description
23021 (sh) p 13028 3026 v](af) CH, antisymmetrié stretch ‘
3012 m,dp 3012 w,A ',3QO7l u12(a") CHé antisymmetric'stretch'_
2984 sﬁ,vw | 2981 Vig T vqp t vy = 2989. .
2949 s,p - 2954 w,C 2947 vz(a') CH, symmetric stretch
2896 vyw - - ?
2863 m,p - 2850 2vy4 = 2862
- - 2812 RER S 2812
2750 m,p - 2788 2v, = 2762 |
1438 m,dp 1442 w,A? 1431 v13(a“) CH3 antisymétric déformation
- - 1390 vig * v = 1398 |
- | 1442 w,A? 1431 v3,]3(a',a“) CH3 antisymmetric deformation
1383 W, 1385 m,C. 1381 vala') CH, symmetric deformation
- - 3w vy vy = 1287
- - 1249 w2
- - 1226 w | ?
- - 1207 w T 1217
- 1191 (sh) 1769 2vg = 1182
1156 p | 1159 5,87 1146 vg(a')  CH, rock
- - O Neg V5 *vyg = 1126
1M13p 1119_57 1106 v6(a’) CF stretch
1089 dp 1092 vs,?2 1077 vy4(a") CHy wag .
- - vip * Vg = 1065
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Table 1. Continued
Raman Infrared
av(em!) wiem™!
Liquid Gas Solid - Pescription
- - | 1016 V15 + Vg © 1023
- 966 w953 m g v = 969
920 p 926 s, C 909 vy (a') CC stretch
- - 889 m Vg + V17 = 899
795 | - 772 _Zvle = 790 |
745 dp . 750 ys, A 731 V15 (a"} CC12 antisymmetrié stretch
680 p- | 681 w; C | : 673 V16 + vig = 687 - | o
591 p 591 s 591 vg (a') CC1, symmetric stretch
5%5 yw - 543 Vg v T 554 .
433 p 432 m, C 434 Vg (a') CCF in-plane bend
398 dp - | - 385 ' V16 {a") CCF out-of-plane bend
380 p 380 Vﬁ" 378 10 (af) CC1, wag -
296 dp 301 292 vig (a™) CClz twist
260 p 262 264 v]1 (a') cet, scissor’
- 293 308 V17 (a") CH3 torsion
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“Table 11. Observed Vibrational Frequencies for 1;1-Ch1orof]u0roethane.

899

- Raman Infrared
NC ) - vlem 1)
Gas Liquid Gas Solid Description
3016 vs 3012 3015 m 3005 bd vy CH'stretchinQ
3003 w - 3001 ww - | |
2987 s 2890 bd 2985 v ; vy CHy antisymmetric stretch
2976 s - 2974 m - vy CHy antisymmetric stretch
2952 vs 2945 2958 w2941 v, CHy symmetric stretch
2886 w . - - | L
2894 www - 2896 www - 2 - 2908
2879w 2875 2865 w2860 - Vg + vg = 2872
2810 w2805 . - vg + v = 2825
2760 wu 2758 - 2750 2v, = 2768
2692 v - - | - ?
1614 vw 1607 - -
1454 b - 1450 + 1448 too broad 1435 vg CH, ceformation
1454 b 1450 + 1448 - too broad 1436 vg CHg deformation
- - I M 1407 vy F vy = 14T
- 1370 vw 1394 m 1384 07 CH3 deformation
1287 w - 1282 1284 s 1279 vy CCH bend
- 1135 1M38s 1136 vé CCH bend
1123 w 1118 1124 s 1118 vg Oy rock
1112 w | - 1113 1081 28 CF stretch
1027 w 1020 1026 m 1020 vy, CHy wag
W 899 930 m 917

Vg T vqg = 931




Table II. continued .

hew

Raman Infrared

avlem 1y v(cmf]) :
Gas N Liguid Gas Sotid Description
867 m 867 897 m 881 vyq C-C stretch -
693s 68l 692 670 vy, CCT stretch
570 vww 570 w 570 m 567 e |

548 |
479 m 48] 481w 478" vig CCF deformation
3799m 379 379w 379 vy CCC1 deformation
R7Tw 329 - 330 vy5 CIF scissor
- - - 261

. Vig CH3 torsiqn‘
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Table III. Torsional Barriers for Some Chloro-,
o Fluoro- and Bromo Ethanes.

Molecule Gas Sojid Reference
_CHéCHB © 2.928 324 ab
CH,CH B 3.58 4.53 c.d
CHaCH,C1 3,71 4.8 e,f
CHCH,F 3.3 R g
CH,CHCTF - . 4.38 " h
CHCF,C1 ~ 4.40 /A
CH,CCLF 5,57 . 6.09 . h
CH4CF 3.1 3.29 i
CH,CC1 5.0 5.49 i
CHyCBry 5.5 6.0 ki
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°S. Weiss and G. E. Leroi, J. Chem. Phys. 48, 962 (1968).
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fR. H. Schwendeman and G. D. Jacobs, J. Chem. Phys. 36, 1245 (1962);
W. G. Fately and F. A. Miller, Spect. Acta, 19, 6117{1963). '

9. Sage and W. Klemperer, J. Chem. Phys. 39, 371 (1963).
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rIGURE CAPTIONS
Raman spectrum of 1iquid CHBCC]ZF,

A. Infrared spectrum of solid CHBCC12F, B. Infrared spectrum

of gaseous CHscCTzF.

A. Infrared spectrum of solid CH3CHC]F. -B. Infrared sbeétfum
of gaseous CHSCHCTF. ”

A. Réman-spectrum of Tiquid CH3CHC1F. B. Raman spectrum of _
gaseous CHLCHCIF. | ‘ ' | '

Fak,infrared spectrum of Solid CHBCC12F.

. Far infrared spectrum of solid CHyCHCTF,

Barriers to methyl rotation in a series of‘ch1oro, fluoro, and

bromo ethanes.
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